Numerical predictions of responses of rolled homogeneous armour steel plates subjected to spherical trinitrotoluene blast loading plate are presented in this paper. Three simulation cases are modelled using a numerical simulation software, AUTODYN 2D in order to predict the plate deformations under blast loading effects of spherical trinitrotoluene high explosive charge. AUTODYN 2D utilises two dimensional modelling space or axisymmetric modelling space to simulate three dimensional actual experimental tests in order to speed up the computational processing time. Three main geometrical parts namely; air, trinitrotoluene and rolled homogeneous armour steel plate are modelled in AUTODYN 2D utilising the LAGRANGE and EULER element formulations' solvers. Despite the limitations of the two dimensional modelling space utilised in AUTODYN 2D, the simulation results managed to give relatively good agreement (differences in the range of 9.91%-31.25%) with respect to the experimental results from a published paper.
Introduction
Terrorist attack has become one of the world major safety concerns nowadays. One of the most recent terrorist attacks was at the Boston marathon event, Boston, United States of America. Explosions from two pressure cooker bombs which sent out blast waves at high pressure killed 3 people and injured 264 people. A pressure cooker bomb is an improvised explosive device (IED) created by inserting explosive material into a pressure cooker and attaching a blasting cap into the cover of the cooker. The bomb can be ignited using simple electronic devices such as a digital watch or alarm clock (New York Daily News, 2014) . The literatures on blast loadings scenarios investigated experimentally, analytically and numerically are very well established (K. V. Subramaniam et al., 2009; M. S. Chafi et al., 2009; Xiang Fang et al., 2011; Yaohua Wang et al., 2011; Md Fuad Shah bin Koslan et al., 2013) . When a bomb explodes, high intensity pressures are produced and expanded in a spherical shaped originated from the central point of the explosion to its surrounding (P. D. Smith & J. G. Hetherington, 1994) .
Scaled down blast experimental tests have been performed to study the energy absorbing capabilities of 20 liter of water container to absorb blast loading effects of landmine against the undercarriage of armoured vehicles and they found out that the water container could reduce the deformation of square 10 mm thick Grade 350 mild steel plate by as much as 67% (Bornstein et al., 2015) . Domex-700 MC circular steel plates have been subjected to repeated blast loads and showed large plastic deformation and large reduction in thickness with tearing phenomena especially at the clamped location (Henchie et al., 2014) . They performed experimental and numerical studies i.e. ABAQUS/Explicit finite element analysis software and it was observed that good agreement was achieved by the numerical studies where it gave good predictions of the central deformation and www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 3; deformation patterns of the steel plates. Mathematical models to predict the response of fully clamped, circular orthotropic elastic plates subjected to underwater explosion have been successfully developed and gave good correlation with ABAQUS/Explicit finite element analysis software (Schiffer & Tagarielli, 2014) . They observed that the layup arrangement played little influence on the blast loading response of composite structure for underwater explosion.
There are several methodologies to investigate the effects of blasts which include experimental tests, mathematical models and computer numerical simulations. However, experimental tests/physical tests pose challenges due to the dangerous and destructive nature of blast events. Strict safety requirements need to be adhered to and they involve a very high cost to conduct. Computer/numerical simulation are one of the safest and efficient ways to substitute the experimental tests. Computer/numerical simulation enable researchers to simulate blast scenarios and obtain valuable outputs in almost any conditions without endangering human lives and properties.
This study will perform numerical simulations to predict the deflections of fully clamped exposed circular surface of rolled homogeneous armour (RHA) plates subjected to sphere-shaped trinitrotoluene (TNT) charge with the appropriate scaling distance. TNT is a chemical explosive with convenient handling properties while RHA is a type of steel used in armoured military vehicles. Numerical simulations using AUTODYN 2D were performed to predict three case studies i.e. the first and final deformations of Case 'A', Case 'B', and Case 'C' from experimental tests (see Table 1 ) which had been conducted and published (Neuberger et al., 2009 ) as shown in Figures 1 and 2 . Vol. 9, No. 3; Figure 2. The experimental test cross-sectional view as conducted by Neuberger and his co-researchers (Neuberger et al., 2009) 
Method
AUTODYN 2D was used in this study to determine the effects of sphere-shaped TNT charge explosion against exposed circular surface of RHA plates (see Figures 1 and 2 ). Figure 2 shows the cross-sectional view of the experimental test as conducted by Neuberger and his co-researchers (Neuberger et al., 2009 ), where; 'W' is the weight of the TNT in kg, 'R' is the standoff distance i.e. the distance between the central point of the TNT and the top surface of the RHA plate, 't' is the thickness of the RHA plate, 'D' is the diameter of the RHA plate, 'δ t ' is the first or maximum deflection experienced by the RHA plate and finally 'δ r ' is the final deflection experienced by the RHA plate. The simulations' steps that will be presented in this section include geometric modelling of air, spherical TNT, exposed circular surface of RHA plate; meshing, assigning the appropriate material properties to the respective geometries, applying the relevant boundary conditions, selection of solvers, processing the analyses and obtaining the final results.
Geometrical Setup
The first step was to model air, RHA plate and the TNT spherical charge in AUTODYN 2D as shown in Figure 3 . The three dimensional experimental set up apparatus as performed by Neuberger and his co-researchers (Neuberger et al., 2009 ) was modelled in two dimensional space in AUTODYN 2D by taking advantage of the axisymmetric modelling space that could give similar results as a three dimensional modelling space (rotated 360 Ο along the horizontal x-axis) in AUTODYN 2D. This method was utilized in order to reduce the computational processing time. Figure 3 shows the position of air, TNT, RHA plate, clamped end of the RHA plate and gauge point of the RHA plate. The gauge point recorded the first and final deflections of the RHA plate due to blast loading from the TNT charge. 
Element Meshing and Solvers
The materials used in this study comprised of air, TNT, RHA plate. The initial condition for the air was created. Square elements sizes of 5 mm x 5 mm were used for both of the air and RHA plate. The geometrical models were meshed with the appropriate number of elements in both 'x' and 'y' directions.
Properties of Air
The air and TNT gas product media were assumed to behave as an ideal gas, thus the default Equations of state (1), (2), (3) were specified. The air was specified with an internal energy of 2.068 × 10 kJkg in AUTODYN 2D.
where, 'ρ' is the density of gas, 'c v ' and 'c p ' are specific heats at constant volume and pressure, respectively; 'T' is the gas temperature, 'P' is the pressure, 'γ' is the ratio of specific heats and ′ ′ is the specific energy.
The air model was taken from AUTODYN 2D material library as shown in Table 2 . 
Radius of TNT Charge
Calculations for Case 'B' were performed and presented to determine the diameter of TNT from the data provided by AUTODYN 2D software. The density of TNT given by AUTODYN 2D is = 1.63
and Equation (4) gives =
where, v is the volume of sphere-shaped TNT, m is the mass of TNT and is the density of TNT. Then, the values of mass and density of TNT were substituted into Equation (4) to obtain its volume.
Hence, the volume of TNT obtained was = 5368.098
for Case 'B'.
The radius of TNT for Case 'B' was calculated by using Equation (5). 
Finally, the radius of sphere-shaped TNT that was modeled in AUTODYN 2D was r = 10.862 cm for Case 'B', similar steps were taken in order to calculate the TNT radiuses for Case 'A' and Case 'C', respectively.
Properties of the RHA Plate
In this study, the thickness of all three RHA steel plates used was 20 mm with 1 m in diameter. The yield stress of the RHA steel plate was 0.95 GPa (Neuberger et al., 2009 ). Neuberger and his co-researchers (Neuberger et al., 2009 ) stated that RHA steel plate was considered as a strain rate sensitive material and can be represented by the Johnson-Cook (J-C) constitutive model. The J-C model is as stated in Equation (6).
where 'A', 'B', 'c', 'n' and 'm' are the J-C material coefficients, ′ε ′ is the effective plastic strain, έ * = έ /έ is the effective plastic strain rate at a reference strain rate, έ = 1 , and the homologous temperature Vol. 9, No. 3; T = (T − T )/(T − T ); where, T is the material's temperature, T is the room temperature, and T is the material's melting temperature.
Explosive TNT Model
The explosive TNT behavior was modeled by using the Jones-Wilkins-Lee (JWL) (Neuberger et al., 2009 ) equation stated in Equation (7) for a TNT explosive material as defined in the AUTODYN 2D material library. AUTODYN 2D will automatically revert to using the ideal-gas equation of state to handle the high pressure and temperature gases left after the explosion as soon as the TNT has completely detonated leaving only the gas products and surrounding air.
where,'P' is pressure; 'A', 'B', 'C', ′R ′, ′R ′ and ′ω′ are material constants that are empirically derived, V = is the relative volume of the gas products to the initial explosive state and is the energy per unit volume. The LAGRANGE element formulation solver utilizes a mesh that moves and distorts with the material it models as a result of forces from neighboring elements (www.ansys.com). This is the most efficient solution methodology for solid with accurate pressure history definition. However, there is some limitation for LAGRANGE solver. If there is too much deformation of any element, it results in a very slowly advancing solution and is usually terminated because the smallest dimension of an element results in a time step that is below the threshold level. Hence, only the RHA plate was modeled using the LAGRANGE solver.
In contrast to the LAGRANGE solver, the EULER (multi-material) solver utilizes a fixed mesh, allowing materials to flow from one element to the next element (www.ansys.com). The EULER solver is more suitable for problems involving extreme material movement, such as fluids and gases. Hence, the air and TNT were modeled using EULER solver. However, EULER solver is generally more computationally intensive than LAGRANGE and requires higher resolution (smaller elements) to accurately capture sharp pressure peaks that often occur with shocks. The blast/explosion event was modeled using the EULER solver. The blast loading equation is stated in Equation (8) (Neuberger et al., 2009 ).
P(τ) = P × cos θ + P × (1 + cos θ − 2 cos θ)
where, ′θ′ is angle of incidence, ′P ′ is reflected pressure and ′P ′ is incident pressure.
Boundary Conditions
The next step was to define an outflow boundary condition for all three types of material. The plate was modelled using the LAGRANGE solver, while air and TNT were modelled using the EULER solvers. The outflow boundary condition was applied on the left side of the RHA plate where the TNT charge was located (see Figure 3) . A boundary condition of 'x=0 and y=0 velocities' directions were applied to clamp one end of the RHA plate. The next step was to set up the interaction between TNT and RHA plate, where the EULER/LANGRANGE coupling type with 'Automatic' (polygon free) was utilised. Finally, the detonation of the explosive was set up by selecting the detonation point. This was followed by the setup solutions, output controls and the time limit of the explosion.
Results
Figures 4, 5 and 6 show the AUTODYN 2D numerical simulations' results after the TNT charge detonates for a time duration of about 30 milliseconds. The analyses were processed by using Intel(R) Core(TM) i5-3210M CPU @ 2.50 GHz, 4.0 GB, 32 bit operating system and took about 180 minutes to complete. All three figures consisted of three main materials' locations i.e. TNT, RHA plate and air. It could be observed that the TNT charge had fully detonated and filled the whole area of the left side of the RHA plate. The area on the right of the RHA plate was only occupied with air since the TNT explosion was restricted to the left side of the RHA plate. Meanwhile, the top part of the RHA plate remained at its original position because it was fully clamped in the 'x and y' directions representing the outer perimeter of the experimental RHA plate where it was fully constrained around it outer circular perimeter. The bottom part of the RHA showed maximum deflection due to its central position and it was located directly underneath the TNT charge. Simulation results were consistent with the final deflection results of the experimental results whereby the maximum deflection of the RHA plate occurred at the central part of the RHA plate.
www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 3; Simulation also recorded the deflection of the central point of the RHA plate located directly to the right of the TNT charge as shown in Figures 7 and 8 for Case 'B'. The first deflection was the maximum initial peak movement due to the direct blast loading effects from the explosion of the TNT charge (see Figure 7) . After the RHA plate reached the maximum initial deflection, due to its elastic springback properties, the plate will continuously vibrate for quite some time. The final deflection of the RHA plate was taken based on getting an average value of amplitudes of the curve (see Figure 8) . Table 3 shows the first and final deflections of the RHA plate as predicted by AUTODYN 2D for all three cases i.e. Case 'A', case 'B' and case 'C' were recorded and compared with respect to the experimental results of Neuberger and his co-researchers (Neuberger et al., 2009 ). It could be observed that the numerical simulation by AUTODYN 2D had managed to give good predictions against the experimental results (Neuberger et al., 2009) for both the first and final deflections. 
Discussion
The results obtained from numerical analysis method using AUTODYN 2D were promising and compared favourably with the experimental results from Neuberger and his co-researchers (Neuberger et al., 2009 ). However, the numerical analysis method needs further refinements to reduce the differences between simulation and experimental results. By observing Case 'B' for example, AUTODYN 2D predicted the first deflection of 90.36 mm compared to the experimental result from Neuberger and his co-researchers (Neuberger et al., 2009) which was 107 mm (differences of 15.55 %) and AUTODYN 2D predicted the final deflection of 84 mm compared to the experimental result from Neuberger and his co-researchers (Neuberger et al., 2009 ) which was 64 mm (differences of 31.25 %). There were several reasons that contributed to first and final deflections' differences for all three cases.
There was a slight dissimilarity between the boundary condition applied in the numerical simulation and in the actual experimental tests as performed by Neuberger and his co-researchers (Neuberger et al., 2009) . The circumference of the exposed circular surface of the RHA plate was not fully clamped during the experimental tests; instead, the original square shaped RHA plate was clamped in place by sandwiching the RHA plate in between two thick high strength steels and tightened by sets of bolts and nuts (see Figures 1 and 9) . On the contrary, a fully clamped boundary condition was applied to the top portion of the RHA plate in the numerical simulation to hold the circumference of the RHA plate in place due to the two dimensional modeling space www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 3; limitations, thus the difference in setting the boundary conditions in the numerical simulation and the actual experimental tests will certainly produce slight errors between both methods.
Numerical analyses by utilizing finite element analysis software i.e. AUTODYN 2D have been performed to predict the deformation of exposed circular RHA plates due to TNT blast loadings. The two dimensional modeling space as utilized by AUTODYN 2D managed to give relatively good agreement against experimental results with differences of around 9.91%-31.25% and could be used as initial investigations to predict blast related problems. Further work is still needed in order to get more improved/accurate results, where AUTODYN 3D could be employed to model and analyze the problem in its actual three dimensional modeling space. In the three dimensional modeling space, AUTODYN 3D would be able to capture/model the full geometry of the RHA plate, the location of bolts, columns (see Figure 9) , that would significantly improve the AUTODYN 2D results due to the limitations of boundary conditions encountered in the two dimensional modelling space. Figure 9 . The final geometry of the deformed RHA plate after the experimental blast test as performed by Neuberger and his co-researchers (Neuberger et al., 2009) 
